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ABSTRACT
CROSS-CULTURAL ASSOCIATION BETWEEN DIETARY ANIMAL PROTEIN AND
HIP FRACTURE: AN HYPOTHESIS. Benjamin J. Abelow, Theodore R.
Holford, and Karl L. Insogna. Department of Epidemiologgy
and Public Health, and Department of Medicine, Section of
Endocrinology. Yale University School of Medicine, New Haven,
Connecticut.
Age-adjusted female hip fracture incidence has been noted to
be higher in industrialized countries than non-industrialized
countries. A possible explanation which has received little
attention is that elevated metabolic acid production
associated with a high animal protein diet might lead to
chronic bone buffering and bone dissolution. In an attempt
to examine this hypothesis, cross-cultural variations in
animal protein consumption and hip fracture incidence were
studied. When female fracture rates derived from 34
published studies in 16 countries were regressed against
estimates of dietary animal protein, a strong, positive
association was found. This association could not plausibly
be explained by variations in either dietary calcium or total
caloric intake. Recent studies suggest that the animal
protein-hip fracture association could have a biologically
tenable basis. We conclude that further study of the
metabolic acid-osteoporosis hypothesis is warranted.
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1INTRODUCTION
Hip fracture, the most devastating of the osteoporosis-
associated fractures, has been noted to be more common in
industrialized countries than non-industrialized countries
[1] . A variety of explanations have been offered to account
for this distribution. Most have focused on the possibility
that variations in genetic or environmental factors result in
decreased bone mass and therefore predispose to fracture [2] .
This thesis focuses on one causal hypothesis that has
received little attention in the published literature: the
bone buffering hypothesis. This hypothesis holds that
fracture incidence may reflect osteopenia resulting from
chronic bone buffering of excess metabolically produced acid.
Protein catabolism is the source of most metabolically
produced non-volatile acid [3]. Much of this acid appears to
be generated during the net metabolism of amino-acid sulfur
to sulfuric acid [3] . The majority of metabolically produced
acid is buffered in the body fluids by the bicarbonate buffer
system, a process that consumes bicarbonate. Homeostasis is
maintained primarily by the kidney, which generates new
bicarbonate and secretes it into the blood, a process
quantitated by measuring Net Acid Excretion. Net Acid
Excretion is defined as the sum of urinary ammonium plus
urinary titratable acid minus urinary bicarbonate [3].
2Consistent with this understanding of metabolic acid
production and the homeostatic renal response, it has been
found that raising dietary protein intake increases urinary
net acid excretion [4-6] . This finding suggests that
increasing dietary protein intake augments metabolic acid
production, titrates bicarbonate in body fluids, and
secondarily stimulates the homeostatic production of new
bicarbonate. It appears that acid production and excretion
are especially elevated when protein from animal sources
comprises a large part of the total protein intake [7] .
In addition to fluid-borne bicarbonate, it is known that
buffers in bone can, at times, play a role in maintaining
acid-base homeostasis. Specifically, it has been observed
that a substantial elevation of endogenous acid production,
as, for example, occurs during clinically apparent metabolic
acidosis, results in buffering by alkali in bone, which
normally exist as metallic salts [8] . The buffering process
mobilizes calcium and other metallic cations in bone and
results in bone loss [8] .
Wachman and Bernstein considered the possibility that a
degree of bone buffering and bone dissolution might occur in
healthy individuals consuming diets that produce relatively
high levels of metabolic acid [9]. Specifically, they
hypothesized [9] that diets rich in meat and protein might
3chronically increase endogenous acid production and cause
ongoing, low-level osteoporotic bone loss by the same
mechanism known to exist in clinically apparent metabolic
acidosis [9] .
A variety of epidemiologic, metabolic, and animal studies
have produced results consistent with this hypothesis [10] .
Of epidemiologic studies, most [11], but not all [12], of the
data produced suggest that ageing-associated bone loss is
accentuated in women eating diets high in meat and protein.
For example, among post -menopausal women in the seventh
through ninth decades of life, it has been found that ovo-
lacto-vegetarians experience less radial bone loss than
omnivores [11] . The finding of diminished bone density in
ovo-lacto-vegetarians versus omnivores is not observed in
either premenopausal women or in men of any age, and suggests
the possibility of a combined effect of sex, age, and diet
[11] •
Of human metabolic studies, most, but not all [13], have
found that increasing protein from animal and vegetable
sources can adversely affect calcium status. For example,
diets containing high levels of animal protein [7,14,15] or
enriched with purified protein [4-6,14] can elevate urinary
calcium excretion and produce a negative calcium balance.
4Animal studies [10] , too, have produced results consistent
with the hypothesis. For example, one study found that
chronic, low-level feeding of ammonium chloride, a substance
metabolized to equimolar amounts of hydrochloric acid,
produced marked changes in bone reabsorption . Taken
together, these epidemiologic, metabolic, and animal studies
suggest that the bone-buffering hypothesis warrants continued
study.
The purpose of this study was to characterize the
epidemiologic association between dietary animal protein and
hip fracture in women over 50. Women over age 50 were
considered because, world wide, the vast majority of hip
fractures occur in this population [1] . Our goal was to
assess whether the metabolic acid-osteoporosis hypothesis
helps to statistically explain the well-recognized cross-
cultural variation in hip fracture incidence. In doing so,
our goal was simply to assess the explanatory power of the
hypothesis. We did not attempt to rule out competing
epidemiologic or statistical hypotheses. Nonetheless, we did
assess the the potentially confounding role of two factors:
dietary calcium and total caloric intake.
5METHODS
Surveys of the incidence of hip fracture were identified by
MEDLINE and several manual literature searches. A total of
37 published reports were located. These 37 were then
assessed in terms of the following inclusion criteria: (1)
the report must be published in a peer-reviewed journal, (2)
the report must provide fracture incidence data for a
geographically defined area, and (3) the report must contain
age-specific data, i.e., the fracture rates must be reported
(or derivable) for different age groups within the population
studied. Of the 37 surveys identified by our literature
searches, 34 surveys in 29 publications [16-44] from 16
countries met the inclusion criteria and were analyzed in
this thesis.
For each survey analyzed, hip fracture rates for women over
age 50 were expressed as fractures/100,000 person-years and
age-adjusted by the direct method [45,2]. This age-
adjustment process allows populations of different age
distributions to be compared, without differences in age
distribution affecting the comparison. This process requires
that a reference population be selected, and that data for
each population studied be statistically normalized to the
6reference population. The end result is that populations of
effectively identical age distributions are compared. This
approach is commonly used, and has been described in detail
elsewhere [45,2] .
The distribution of women in the United States for 1987, as
estimated by the U.S. Census Bureau [46], was taken as the
reference population. The selection of a reference
population can, in certain settings, introduce bias into the
final comparisons. For this reason, we performed an
additional set of analyses using cumulative incidence rates
[45] . This approach has the statistical effect of using a
different reference population, one with equal numbers of
members in each 5-year age group. By using both approaches,
and comparing the results generated with each, we were able
to assess if the analysis was biased by the selection of a
particular reference population. In addition, in the
cumulative incidence analysis, we excluded women over age 85,
so that data only for women between ages 50 and 85 were
analyzed. This was done because, for some countries,
incomplete data prevented us from precisely determining the
age of some of the oldest women. By truncating the data at
age 85, we were able to compensate for this.
Dietary estimates came from two sets of publications produced
by the Food and Agriculture Organization (FAO) of the United
Nations: Food Balance Sheets [47,48] and Per Caput Food
7Supplies [47]. These two FAO publications are the only
sources available that contain dietary data for all 16
countries studied here. These FAO estimates have some
shortcomings. For example, the calculations do not account
for food that is wasted in the production and distribution
process, and there are country-to-country differences in the
quality of data analyzed to arrive at the estimates [47] .
Nonetheless, the estimates are generated with a standard
algorithm and appear to provide good relative measures of
dietary intake in different countries [47] .
To assess the association between dietary animal protein and
hip fracture incidence, we used the statistical technique of
regression analysis. Whenever possible, we used dietary data
and fracture rates that were derived for exactly coincident
time periods. For example, if a fracture survey covered the
years 1968-1975, we tried to use dietary estimates that also
were calculated for the years 1968-1975. In some settings,
precisely co-temporal data were not available. In these
cases, we used dietary data for the closest available years.
In most cases, there was considerable overlap between the
time frames for the dietary and hip fracture data.
Data on hip fracture incidence and dietary animal protein
intake were analyzed in four major ways. In all four, the
regression line and R^ values that were produced reflect the
8statistical association between dietary animal protein and
fracture incidence. In the first regression method, age-
adjusted summary rates from all surveys meeting the inclusion
criteria were regressed, unweighted, against dietary animal
protein. In other words, a single fracture incidence rate
was calculated for each of the 34 surveys meeting the
inclusion criteria, and these rates were regressed against
the appropriate dietary data for the closest overlapping
years.
In the second regression method, we analyzed only those
surveys containing data that were sufficiently detailed to
permit the calculation of an overall variance. The
calculation of a variance makes it possible to carry out a
weighted regression. Of the 34 surveys analyzed, 26
contained data detailed enough to produce a weighted
regression. The initial 3 4 surveys covered populations in 16
countries; the 26 surveys analyzed in this phase of the study
covered populations in 14 countries. This weighted
regression was done using fracture rates derived from both
the directly weighted populations and the cumulative fracture
rates method.
In the third regression method, we attempted to emphasize the
cross-cultural association between diet and fracture
incidence. Note that in the previous two methods, a data
point was generated for each survey. However, in this third
9analysis, a single estimate of fracture incidence was
generated for each country. This estimate was regressed
against an estimate of dietary intake for the country as a
whole. The details of this third regression method are as
follows:
The estimate of fracture incidence for each country was
calculated as the weighted mean of age-adjusted fracture
rates from all surveys within that country. The reciprocal of
the variance (1/variance) was used as the weighing factor.
Surveys not sufficiently detailed to calculate an overall
variance were excluded. (This meant that no estimates could
be calculated for Holland and Ireland.) When only a single
survey was available for a given country, the age-adjusted
rate from that survey was used. The estimates for each
country were weighted by 1/ (variance of the mean) and
regressed against similarly weighted means of dietary animal
protein for that country. This analysis was repeated using
cumulative rates for ages 50-85 instead of age-adjusted rates
In the fourth regression method, dietary calcium and total
caloric intake were considered as regression variables.
These variables were considered both independently and in
various combinations, which are described more fully in the
results section.
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RESULTS
Table 1 presents the data from each of the 34 fracture
surveys that met the inclusion criteria. The table includes
data on age-adjusted hip fracture incidence (derived from
data contained in the 34 included surveys) , the years during
which fracture data were collected, the closest overlapping
years for which FAO data on dietary animal protein are
available, and estimated per capita dietary animal protein
for those years. FAO estimates of dietary calcium are also
presented for each of the 16 countries where fracture surveys
were carried out.
As expected, values for animal protein intake in the United
States, and in western and northern Europe, are higher than
those for Asia and Africa. Countries of southern Europe tend
to have intermediate levels of animal protein consumption.
Some of the more industrialized countries have been the
subject of several fracture surveys, while none of the
lesser-industrialized countries has been surveyed more than
once in sufficient detail to generate age-adjusted values.
Of the countries studied more than once, it can be seen on
Table 1 that in some (e.g., United Kingdom) there is
considerable inter-survey variation in the fracture rates,
while for others (e.g., Denmark) the variation is relatively
1 1
minor. In some cases, the variations may result partially
from the fact that not all surveys carried out in a given
country studied the same geographic region. In addition, the
years of the surveys in a given country did not always
coincide, or even overlap.
As indicated in Table 1, black women in the United States
have a lower incidence of fractures than white women in the
U.S. and Europe. However, black women in the U.S. still
experience a much higher rate than black women in South
Africa. An exhaustive analysis of all the possible genetic or
environmental causes for this pattern was beyond the scope of
this study and was not undertaken.
In general, the data show that women over 50 years of age
tend to experience higher rates of hip fracture in
industrialized countries than in lesser-industrialized
countries .
When age-adjusted summary rates for all 34 surveys meeting
the inclusion criteria were regressed, unweighted, against
dietary animal protein (the first of the four regression
methods) , a positive association was found. The best fitting
regression equation is y = -18.0 + 2.29x, where y is hip
fracture rate per 100,000 person-years, and x is animal
protein in grams/day. The fractional variation of the hip
fracture rate that is explained by dietary animal protein,
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R^, is 0.42 (p<0.001). This indicates that 42 percent of the
observed variation in fracture incidence can, on a
statistical basis, be explained by variations in dietary
animal protein.
Given the limitations inherent in an unweighted regression
analysis, weighing of the data sets was undertaken. When a
weighted regression line was fitted to the age-adjusted
summary rates from all 29 surveys for which an overall
variance could be calculated (the second of the regression
methods) , a strong, positive association between fracture and
animal protein remained. The best fitting regression
equation is y = -38.7 + 2.51x (R2 = 0.66; p<0.001). As the
R2 value indicates, 66 percent of the variation in fracture
incidence can, on a statistical basis, be explained by
variations in dietary animal protein. This association is
shown graphically in Figure 1. Using the cumulative
incidence of fractures for women between ages 50 and 85, the
strength of the association was essentially the same: y = -
4350 + 314x (R2 = 0.71; p<0.001). This suggests that the
selection of the original reference population did not
introduce substantial bias into the analysis.
When a weighted regression line was fitted to the 14 age-
adjusted country estimates (the third regression method) , a
strong cross-cultural association was found between fracture
incidence and animal protein intake. The best fitting
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regression equation for this cross-cultural association is y
-38.4 + 2.50x (R2 = 0.67; p<0.001). This association is
shown graphically in Figure 2. Using estimates derived from
cumulative rates, the results were again substantially the
same: y = -4307 + 313x (R2 = 0.72; p<0.001).
In summary, when age-adjusted and cumulative fracture rates
were regressed against estimates of dietary animal protein on
either a study-by-study or purely cross-cultural basis, a
strong, positive association was found.
In addition to these regression analyses, which involved hip
fracture and dietary animal protein as the only variables, a
number of other analyses were carried out using dietary
calcium and total caloric intake as variables. When FAO
estimates of dietary calcium were regressed on country
estimates of hip fracture incidence, a significant positive
association was noted: y = -41.0 + 0.14z, where z equals
milligrams/day calcium (R2 = 0.62; p<0.001). This finding is
consistent with a previously reported association between hip
fracture and dietary calcium [49] .
It is interesting that this calcium-fracture association is
positive; based on the likely protective role of dietary
calcium on bone mass and fracture, a negative association
14
might have been expected. To further clarify this
relationship, dietary calcium and animal protein were
simultaneously regressed against fracture incidence- The
resulting equation is: y = -42.5 + 1.83x + 0.041z (R2 =
0.68). Comparing the regression coefficients with their
standard errors, the effect of calcium in the presence of
animal protein is not significant (p = 0.59). Likewise, the
effect of animal protein in the presence of calcium is not
significant (p = 0.19), although this value falls closer to
significance. Dietary calcium and animal protein are highly
correlated (r = 0.91; p<0.001); thus, the problem of
multicolinearity makes it difficult to distinguish between
the effects of these variables.
When estimated total caloric intake was regressed against
country estimates of hip fracture, a moderate association was
found (R2 = 0.50; p = 0.005). Caloric intake was then
regressed with all combinations of dietary animal protein and
calcium. When caloric intake and animal protein were
simultaneously regressed, the association between animal
protein and hip fracture remained significant (p = 0.024)
whereas the calorie-fracture association did not (p = 0.87).
When caloric intake and dietary calcium were simultaneously
regressed, the association between fracture and calcium
remained marginally significant (p = 0.049), whereas the
calorie-fracture association did not (p = 0.58). As
expected, when all three dietary variables were
15
simultaneously regressed, none of the associations was
significant .
This work represents a collaboration by Mr. Benjamin Abelow,
Dr. Theodore R. Holford, and Dr. Karl Insogna. The
hypothesis and idea for this work were conceived entirely by
Benjamin Abelow. Mr. Abelow undertook the primary research,
data collection, and initial statistical analyses. These data
were then reviewed in their entirety by Dr. Insogna. Under
his guidance, a more rigorous and expanded statistical
analysis was undertaken. The biological limitations of the
data were also discussed and clarified. Dr. Theodore
Holford's assistance was then sought to further strengthen
the statistical analysis, and the statistical methodology was
modified to its present form. The final statistical analyses
of the data, using weighted regression analyses and
cumulative incidence rates, were performed by Dr. Holford.
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DISCUSSION
Epidemiologic Considerations:
A variety of factors have previously been hypothesized to
account for cross-cultural differences in fracture incidence.
For instance, variables such as physical exercise and
sunlight exposure have been shown to be plausibly correlated
with female hip fracture incidence rates [2]. A cross-
cultural association between total dietary protein and hip
fracture has been shown by Hegsted, a finding the author
suggests might be due to protein-induced damage of renal
calcitriol regulation [49] . Low rates among Blacks in South
Africa [30] has raised the possibility that genetic factors
may be involved.
We considered the possibility that differences in animal
protein intake, a relatively specific marker for metabolic
acid production, might help explain the cross-cultural
variability in hip fracture incidence. Our data demonstrate
a strong cross-cultural association between estimated per
capita dietary animal protein and fracture incidence in women
over 50. While these results do not necessarily imply a
causal association, they suggest that the metabolic acid-
osteoporosis hypothesis warrants serious study as a possible
17
explanation of cross-cultural variations in hip fracture
incidence.
Bone loss usually occurs from about age 40 until death, with
accelerated losses in most women occurring for about ten
years after menopause [50] . Environmental modifiers of the
rate of bone loss might thus be expected to act over many
years. For this reason, if one wished to assess the role of
diet, it would be most desirable to evaluate chronic dietary
patterns for the years before fracture occurred. Thus,
ideally, for this study, it would have been desirable to
analyze dietary data for several decades prior to the periods
studied in the hip fracture surveys. However, this was not
possible because reliable dietary data were not consistently
available for most countries those years. As a result, we
used data for the dietary patterns prevailing during the
periods when the fractures occurred.
Although less than ideal, a number of factor suggest that
this approach is nonetheless satisfactory. All
industrialized countries studied here have had relatively
high and stable levels of dietary animal protein over the
past three decades [47,48]. Thus, the diets consumed during
the periods when fractures occurred can be considered
reasonable approximations of the diets consumed chronically
before the fractures occurred. Of the lesser-industrialized
countries included in our assessment, some have shown a
18
gradual increase in dietary animal protein over time [47,48],
and there is little reason to suspect that animal protein
intake in any of these countries was higher than it is
currently [47.48]. Thus, for the lesser-industrialized
countries, animal protein intake during the periods when
fracture occurred was either approximately the same, or was
somewhat higher, than that of the chronic pre- fracture diet.
The effect of this would be to make the overall slope of the
diet-hip fracture plot less steep than it otherwise would
have been. In other words, the overall effect of using
contemporaneous dietary and fracture data may well have been
to weaken the statistical association we observed, thereby
making our analysis more conservative.
The aim of this study was to evaluate the explanatory power
of dietary animal protein. It was not our intention to
rigorously rule out other potential causal factors.
Nonetheless, we did analyze data on two dietary factors:
calcium and total caloric intake. We chose to study dietary
calcium because, of all the factors assumed to have an effect
on osteoporotic disease, calcium is the best studied, has a
validated protective effect, and is commonly assumed to be of
substantial importance. Thus, if a population consuming high
levels of animal protein also consumed low levels of calcium
at the time when fracture incidence was high, it would be
reasonable to assume that a substantial confounding effect by
calcium might have occurred.
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Perhaps surprisingly, our data showed a positive cross-
cultural association between dietary calcium and hip fracture
incidence. In other words, those countries with high
fracture rates also tended to have high calcium intake. This
association is biologically implausible, and appears to
contradict a substantial body of data that suggests a
protective role for dietary calcium. This implausibility
suggests two things. First, it suggests that, cross
culturally, calcium intake is likely acting as an
epidemiologic marker for one or more factors that are
causally related to fracture incidence via a biologically
plausible mechanism. Second, it suggests that on a cross-
cultural basis, variations in dietary calcium probably do not
play a major role in explaining the variability in fracture
incidence. It must be stressed, however, that this does not
preclude a possible protective effect on an individual (as
opposed to population) basis. These two interpretations
appear to be supported by a recent prospective study showing
an inverse relationship between dietary calcium and hip
fracture incidence, a finding that suggests a protective
effect of increasing dietary calcium intake on fracture rate
[51] .
If dietary calcium is acting as an epidemiologic marker, what
is it marking? Our data can say little in this regard. Given
the high cross-cultural correlation between dietary animal
20
protein and calcium, it seems plausible that calcium may be a
marker for an animal protein-rich diet. However, because of
the problem of multicolinearity, simultaneous analysis of
calcium and animal protein could not assess this possibility -
Other genetic or environmental factors [2] are also possible.
The epidemiologic evaluation of these factors is beyond the
scope of this study.
The second factor whose potential confounding effect we
assessed was total caloric intake, a non-specific marker of
nutrient intake. Although we know of no hypothesized link
between total caloric intake and fracture, we studied caloric
intake because it seemed likely to be highly correlated with
many other markers for industrialization. If the association
between animal protein and fracture could be fully explained
by total caloric intake, this would have suggested that
animal protein may itself have only been a marker for other
factors; that is, it would have tended to devalue the
importance of our epidemiologic findings. When total caloric
intake was simultaneously regressed with animal protein, the
fracture-animal protein association remained significant,
whereas the fracture-calorie association did not. This
indicates that the cross cultural-association between animal
protein and fracture incidence can not be explained by
differences in caloric intake between the countries studied.
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In the countries studied here, most hip fractures in women
over 50 results from low or moderate trauma
[17,18,21,24,25,31,33-35,39-41,44]. This appears to be true
in the lesser-industrialized countries as well [28-30] ,
although a higher proportion of fractures may due to severe
trauma [30] . In general terms, this means that in the non-
industrialized countries, the incidence of those hip
fractures classically considered to have an osteoporotic
component was even lower than the data suggest. Thus, if
bias was introduced by fractures caused by severe trauma, one
would have expected it to make the analysis presented here
more conservative.
The quality of data on fracture incidence analyzed in this
study is determined by that of the surveys whose results we
analyzed [16-44]. In these various surveys, inclusion
criteria for fractures varied slightly, but the authors of
almost all surveys present evidence that all or most
fractures were identified [2]. In our own study, fracture
rates surveyed regionally were taken to reflect national
rates, an assumption that might produce some distortions.
Similarly, FAO dietary estimates are per capita averages and
do not reflect potential ethnic, regional, sex, age or
individual differences. While these factors may have
affected the quantitative accuracy of individual estimates,
it is unlikely that the overall patterns observed in this
study were artifactual.
22
Biologic Plausibility:
In this study, we used dietary animal protein as a marker for
metabolic acid production. A number of studies, both in
vitro and in vivo, suggest that this approach is valid. When
typical diets were analyzed, it was found that relative
dietary ash-acidity varies in the order omnivore > ovo-lacto-
vegetarian > vegan [52] . Ash-acidity quantitates the net
acid produced when foodstuffs are completely oxidized in
vitro . Although this in. vitro quantitation is highly
accurate and reproducible, acid production so calculated
generally overestimates that generated when the same foods
are oxidized endogenously . The major reason for this is
that, in the body, foodstuffs are not always metabolized to
their highest oxidation state. For example, some
carbohydrates and fats are oxidized to organic acids, and a
fraction of ingested sulfur is oxidized to products other
than sulfate.
It is well-known that dietary protein, irrespective of its
origin, is a source of metabolic acid [4-6] . It thus seems
possible that the above differences in ash-acidity might be
due simply to differences in protein content. Although
protein-adjusted comparisons of ash-acidity have not been
23
carried out, a carefully controlled study suggests that, in
ViVQ, protein from animal sources is more acidogenic than
protein from vegetable sources. When individuals consuming
protein-matched diets containing different levels of animal
protein were studied on a metabolic ward, urinary net acid
excretion was found to increase with animal protein content
[7]. In terms of our own study, this finding suggests that
dietary animal protein is a more specific marker for
metabolic acid production than total protein, of which it is
also a marker.
The high acidogenicity of animal protein is due partly or
wholly to the fact that animal protein typically contains
more sulfur than protein from vegetable sources [53,15].
This is relevant because most amino-acid sulfur undergoes
net metabolism to sulfuric acid [54] .
An important, additional, finding is that on a cross-cultural
basis dietary animal protein is strongly associated with
total protein intake [47,48]. Thus, populations consuming
diets high in animal protein also tend to consume high levels
of total protein. This is important, as noted, because total
protein is itself an important source metabolic acid [4-6] .
In addition to the link between dietary animal protein and
metabolic acid production, the hypothesis being considered in
this study requires that diet-associated changes in metabolic
24
acid production result in bone dissolution. A number of
studies support this possibility. A variety of studies
indicate that dietary protein supplementation leads to
calciuresis [4-7,14,15]. Some of these studies suggest
further that changes in calcium excretion are mediated by
alterations in acid-base status. For example, protein-induced
negative calcium balance is accompanied by large increases in
urinary net acid excretion [4-6] and is halted by the
ingestion of sodium bicarbonate [6]. Omnivore diets can
induce a more negative calcium balance than less-acidogenic
vegetarian diets matched for total protein, and do so in
association with relatively suppressed levels of urinary
cyclic-AMP, serum PTH and 1 , 25-dihydroxy vitamin D [7].
These latter biochemical findings are consistent with acid-
induced bone dissolution [7].
Finally, there is evidence that fixed acid loads currently
considered physiologic may produce bone loss. When ammonium
chloride is ingested at rates that elevate urinary acid
excretion to levels just above those attained with high
protein diets, fasting calcium excretion is increased [55] .
Although there is no direct evidence linking this relative
calciuresis to alterations in acid-base status, it has been
independently shown that endogenous acid production in excess
of 1 mEq/kg/day, well within the range considered
physiologic, can lead to sustained mild metabolic acidosis
and positive hydrogen ion balance [56]. Furthermore, it has
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been shown that among older individuals, the group most prone
to hip fractures, the capacity to excrete an acid load is
decreased [57,58]. Thus, while it is well established that
clinically apparent metabolic acidosis can result in the
chronic titration of buffers in bone [8], these latter data
suggest that mild, clinically inapparent changes in acid-base
status might also, over time, lead to qualitatively similar
results.
In conclusion, many epidemiologic, human metabolic, and
animal studies have produced results consistent with the
metabolic acid-osteoporosis hypothesis. While the original,
epidemiologic findings presented here do not necessarily
imply a causal relationship, the strength of the association
we observed does lend additional weight to the hypothesis.
We conclude that further study of the endogenous acid-
osteoporosis hypothesis is warranted. Given the epidemic of
osteoporotic fractures in the West [1] and the possibility of
dietary prevention or new adjunctive therapi'es [6], such
study may be of considerable practical value.
Table 1. Fracture incidence rates and dietary estimates, with source information
Fracture Years of Years of Animal
survey Figure fracture dietary Fracture protein Calcii
Country reference symbol survey data rate (g/day) (mg/d
Denmark [16] " 1971-76 1971-76 164.8 57.1 960c
[17] D 1973-79 1973-77 165.3 58.0
Finland [18] Fl 1968 1968 71.9 56.1 1332c
[19] F2 1970 1970 97.3 57.4
[20] F3 1980 1979-81 111.2 60.5
Holland [21] * 1967-79 1967-77 87.7 54.3 1006
Hong Kong [22] HK 1965-67 1967 45.6 34.6 356
Ireland [23] a 1968-73 1968-73 76.0 61.4 1110
Israel [24] IS 1957-66 1957-65, 67 93.2 42.5 794
New Zealand [25] NZ 1973-75 1973-75 119.0 77.8 1217
Norway [26] Nl 1972-73 1972-73 148.8 56.4 I087c
[27] N2 1978-79 1979-81 220.9 66.6
[26] N3 1983-84 1979-81 190.4 66.6
Papua New Guinea [28] P 1978-82 1977 3.1 16.4 448
Singapore [29] SN 1955-62 1961-65 21.6 24.7 389
South African blacks [30] SA 1957-63 1961-65 6.8 10.4 1%
Spain [31] SP 1974-82 1974-77, 77-79 42.4 47.6 766
Sweden [32] a 1950-60 1951-57 121.6 57.1 1104c
[33] SI 1965, 70, 75, 80b 1967-77, 79-81 191.8 58.2
[34] S2 1972-81 1972-77, 1979-81 187.8 59.4
[35] " 1981 1979-81 214.3 58.9
United Kingdom [36] " 1954-58 1954-57 77.1 49.0 977c
[37] UK1 1975, 80" 1975-81 91.4 55.3
[38] UK2 1977 1977 118.2 56.6
[39] UK3 1978-79 1977 115.6 56.6
[40] UK4 1983 1979-81 131.0 53.9
United States [41] USI 1965-74 1967-74 144.9 72.0 973c
(Whites) [42] 8 1974-79 1974-79 132.0 72.5
(Non-White) [42] * 1974-79 1974-79 33.5 72.5
(Whites) [42] USW 1980 1979-81 118.3 71.5
(Blacks) [42] USB 1980 1979-81 60.4 71.5
Yugoslavia [43] Yl 1968-73 1968-73 20.5 27.5 588c
[43] Y2 1968-73 1968-73 52.3 27.5
[44] Y3 1969-72 1969-72 27.6 27.3
Incidence rates are per 100,000 person-years for women over 50, age-adjusted to 1987 U.S. female population [46]
* Survey data were not detailed enough to calculate variance (see text)
b Fracture data for discreet years were pooled to calculate a single age-adjusted rate
c Average for all surveys in this country
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Figure 1: Plot of age-adjusted hip fracture incidence in
women over 50 against estimated per capita dietary animal
protein, by fracture survey. See Table 1 for symbols and
sources of data.
28
CO
cr
<
LU
>■
i
z
o
CO
zr.
10
O
CO
LU
CC
<
200
160
120
80
40
0
R2 = 0.67
SOUTH
AFRICAN
'
BLACKS
ISRAEL
^•HONG
S^ K0N6
j* YUGOSLAVIA
/ SINGAPORE
PAPUA NEW GUINEA
^
©NORWAY
•SWEDEN
• DENMARK
UNITED
KINGDOM
•FINLAND
NEW
ZEALAND
► UNITED
STATES
• SPAIN
0 20 40 60
DIETARY ANIMAL PROTEIN (g/d)
80
Figure 2: Plot of age-adjusted hip fracture incidence in
women over 50 against estimated per capita dietary animal
protein, by country. See Table 1 for symbols and sources of
data.
29
REFERENCES
1. Melton, LJ III (1988) Epidemiology of Fractures. In:
Riggs BL,Melton LJ III (eds) Osteoporosis: Etiology,
Diagnosis, and Management. Raven Press New York p 133-154
2. Lewinnek GE, Kelsey J, White AA, Kreiger NJ (1980) The
significance and a comparative analysis of the epidemiology
of hip fractures. Clin Orthop 152:35-43
3. Halperin JL, Jungas RL (1983) Metabolic production and
renal disposal of hydrogen ions. Kidney Int 24:709-713
4. Schuette SA, Zemel MB, Linkswiler HM (1980) Studies on
the mechanism of protein-induced hypercalciuria in older men
and women. J Nutr 110:305-315
5. Hegsted M, Linkswiler HM (1981) Long-term effects of
level of protein intake on calcium metabolism in young adult
women. J Nutr 111:244-251
6. Lutz, J (1984) Calcium balance and acid-base status of
women as affected by increased protein intake and by sodium
bicarbonate ingestion. Am J Clin Nutr 39:281-288
7. Breslau NA, Brinkley L, Hill KD, Pak CYC (1988)
Relationship of animal protein-rich diet to kidney stone
30
formation and calcium metabolism. J Clin Endocrinol Metab
66:140-146
8. Bushinsky DA (1989) Internal exchanges of hydrogen ions:
bone. In:Seldin DW, Giebisch G (eds) The regulation of acid
base balance. Raven Press New York p 69-88
9. Wachman A, Bernstein DS (1968) Diet and Osteoporosis.
Lancet 1:958-959.
10. Barzel US (1982) Acid loading and osteoporosis. J Am
Geriatr Soc 30:613
11. Marsh, AG, Sanchez TV, Mickelsen 0, Keiser J, Mayor G
(1980) Cortical bone density of adult lacto-ovo-vegetarian
and omnivorous women. J Amer Diet Assoc 76:148-151
12. Garn SM, Rohmann CG, Wagner B (1967) Bone loss as a
general phenomenon in man. Fed Proc 26:1729-1736
13. Spencer H, Kramer L, Osis D, Norris C (1978) Effect of a
high protein (meat) intake on calcium metabolism in man. Am
J Clin Nutr 31:2167-2180
14. Margen S, Chu JY, Kaufmann NA, Calloway DH (1974)
Studies in calcium metabolism. 1. The calciuretic effect of
dietary protein. Am J Clin Nutr 27:584-589
3 1
15. Robertson WG, Peacock M, Heyburn PJ, Hanes FA,
Rutherford A, Clementson E, Swaminathan R, Clark PB (1979)
Should recurrent calcium oxalate stone formers become
vegetarians? Br J Urol 51:427-431
16. Jensen JS. Incidence of hip fractures (1980) Acta Orthop
Scand 51:511-513
17. Frandsen PA, Kruse T (1983) Hip fractures in the county
of Funen, Denmark. Acta Orthop Scand 54:681-686
18. Alhava EM, Puittinen J (1973) Fractures of the upper end
of the femur as an index of senile osteoporosis in Finland.
Ann Clin Res 5:398-403
19. Luthje P (1985) Incidence of hip fracture in Finland.
Acta Orthop Scand 56:223-225
20. Luthje P (1980) Fractures of the proximal femur in
Finland in 1980. Ann Chir Gynaecol 72:282-286
21. Hoogendoorn D (1982) Some data on 64, 453 t fractures of
the proximal end of the femur (neck plus trochanteric area) ,
1967-1979 Ned Tijdschr Geneeskd 126:963-968
32
22. Chalmers J, Ho KC (1970) Geographical variations in
senile osteoporosis. J Bone Joint Surg [Br] 52B: 667-75
23. Colbert DS , Chater EH, Wilson AL, Moore A,
O'Muircheartaigh I (1976) A study of fracture of the neck of
the femur in the west of Ireland 1968-1973. J Ir Med Assoc
69:1-12
24. Levine S, Makin M, Menczel J, Robin G, Naor E, Steinberg
R (1970) Incidence of fractures of the proximal end of the
femur in Jerusalem. J Bone Joint Surg [Am] 52A: 1193-1202
25. Stott S, Gray DH (1980) The incidence of femoral neck
fractures in New Zealand. NZ Med J 91:6-9
26. Finsen V, Benum P (1987) Changing incidence of hip
fractures in Rural and urban areas of central Norway. Clin
Orthop 218:104-110
27. Falch JA, LLebekk A, Slungaard U (1985) Epidemiology of
hip fractures in Norway. Acta Orthop Scand 56:12-16
28. Barss P (1985) Fractured hips in rural Melanesians: a
non-epidemic Trop Geogr Med 37:156-159
33
29. Wong PCN (1966) Fracture epidemiology in a mixed
southeastern Asian community (Singapore). Clin Orthop 45:55-
61
30. Solomon L (1968) Osteoporosis and fracture of the
femoral neck in the South African Bantu. J Bone Joint Surg
[Br] 50B;2-13
31. Lizaur-Utrilla A, Orts AP, Sanchez del Campo F, Barrio
JA, Carbonell P (1987) Epidemiology of trochanteric fractures
of the femur in Alicante, Spain, 1974-1982. Clin Orthop
218:24-31
32. Alffram PA (1964) An epidemiologic study of cervical and
trochanteric fractures of the femur in an urban population.
Acta Orthop Scand Suppl 65:101-109
33. Elabdien BSZ, Olerud S, Karlstrom G, Smedby B (1984)
Rising incidence of hip fracture in Uppsala, 1965-1980. Acta
Orthop Scand 55:284-289
34. Hedlund R, Ahlbom A, Lindgren U (1985) Hip fracture
incidence in Stockholm 1972-1981. Acta Orthop Scand 57:30-34
35. Zetterberg C, Elmerson S, Andersson GBJ (1984)
Epidemiology of hip fractures in Gotenborg, Sweden, 1940-
1983. Clin Orthop 191:43-52
34
36. Knowelden J, Buhr AJ, Dunbar 0 (19 64) Incidence of
factures in persons over 35 years of age. Brit J Prev Soc Med
18:130-141
37. Swanson AJG, Murdoch G (1983) Fractured neck of femur.
Acta Orthop Scand 54:348-355
38. Rees JL (1982) Secular changes in the incidence of
proximal femoral fractures in Oxfordshire: a preliminary
report. Community Med 4:100-103
39. Currie AL, Reid DM, Brown N, Nuki G (1986) An
epidemiological study of fracture of the neck of femur.
Health Bull 44:143-148
40. Boyce WJ, Vessey MP (1985) Rising incidence of fractures
of the proximal femur. Lancet 1:150-151
41. Gallagher JC, Melton LJ, Riggs BL, Bergstrath E (1980)
Epidemiology of fractures of the proximal femur in Rochester,
Minnesota. Clin Orthop 150:163-171
42. Farmer ME, White LR, Brody JA, Bailey KR (1984) Race and
sex differences in hip fracture incidence. Am J -Public Health
74:1374-1380
35
43. Matkovic V, Kostial K, Simonovic I, Buzina R, Brodarec
A, Nordin BEC (1979) Bone status and fracture rates in two
regions of Yugoslavia. Am J Clin Nutr 32:540-549
44. Matkovic V, Ciganovic M, Tominac C, Kostial K (1980)
Osteoporosis and epidemiology of fractures in Croatia. Henry
Ford Hosp Med J 28:116-126
45. Breslow NE, Day NE (1987) Statistical Methods in Cancer
Research, Vol II - The Design and Analysis of Cohort Studies.
IARC Lyon p 49-61
46. Bureau of the Census. Current Population Reports
(1984,1988) U.S. Department of Commerce. Population Estimates
and Projections (Series P-25, nos . 1022 and 952). Government
Printing Office, Washington
47. Food and Agriculture Organization (1980) .Food Balance
Sheets 1975-77 Averages and Per Caput Food Supplies 1961-65
Average & 1967 to 1977. Food and Agriculture Organization of
the United Nations, Rome
48. Food and Agriculture Organization. Food Balance Sheets
1951-4 (printed 1960) , 1954-7 (printed 1963) , 1957-9 (printed
1966), 1960-2 (printed 1966), 1979-81 (printed 1984). Food
and Agriculture Organization of the United Nations, Rome
36
49. Hegsted DM. Calcium and osteoporosis (1986) J Nutr
116:2316-2319.
50. Parfitt AM (1980) Bone remodeling: relationship to the
amount and structure of bone, and the pathogenesis and
prevention of fractures. In: Riggs BL, Melton LJ III (eds)
Osteoporosis: Etiology, Diagnosis, and Management. Raven
Press New York p 45-93
51. Holbrook TL, Barrett -Connor E, Wingard DL (1988) Dietary
calcium and risk of hip fracture: 14-year prospective
population study. Lancet 2:1046-1049
52. Dwyer J, Foulkes E, Evans M, Ausman L (1985)
Acid/alkaline ash diets: Time for assessment and change. J Am
Diet Assoc 85:840-845
53. Ensminger AH, Ensminger ME, Konlande JE, Robson JRK
(1983) Volume 2: Protein. In: Foods and nutrition
encyclopedia. Pegus Press, Clovis
54. Lemann J Jr, Relman AS (1959) The relation of sulfur
metabolism to acid-base balance and electrolyte excretion:
the effects of dl-methionine in normal man. J Clin Invest
38:2215-2223
37
55. Lemann J Jr, Gray RW, Maierhofer WJ, Cheung HS (1986)
The importance of renal net acid excretion as a determinant
of fasting urinary calcium excretion. Kidney Int 29:743-746
56. Kurtz I, Maher T, Hulter HN, Schambelan M, Sebastian A
(1983) Effect of diet on plasma acid-base composition in
normal humans. Kidney Int 24:670-680
57. Agarwal BN, Cabebe FG (1980) Renal acidification in
elderly subjects. Nephron 26:291-295
58. Adler S, Lindeman RD, Yiengst MJ, Beard E, Shock NW
(1968) Effect of acute acid loading on urinary acid excretion
by the aging human kidney. J Lab Clin Med 72:278-288



HARVEY CUSHING / JOHN HAY WHITNEY
MEDICAL LIBRARY
MANUSCRIPT THESES
Unpublished theses submitted for the Master's and Doctor's degrees and
deposited in the Medical Library are to be used only with due regard to the
rights of the authors. Bibliographical references may be noted, but passages
must not be copied without permission of the authors, and without proper credit
being given in subsequent written or published work.
This thesis by has been
used by the following persons, whose signatures attest their acceptance of the
above restrictions.
NAME AND ADDRESS DATE
'119 9990
• StWWVtxJ &/$■/J^ ■*

